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Abstract
We present far-IR photometry and infrared spectrum of the z= 3.9114 quasar/starburst composite system APM
08279+5255 obtained using the Stratospheric Observatory for Infrared Astronomy (SOFIA)/HAWC+ and the
Spitzer Space Telescope Infrared Spectrograph (IRS). We decompose the IR-to-radio spectral energy distribu-
tion (SED), sampled in 51 bands, using (i) a model comprised of two-temperature modified blackbodies (MBB)
and radio power-laws and (ii) a semi-analytic model, which also accounts for emission from a clumpy torus.
The latter is more realistic but requires a well-sampled SED, as possible here. In the former model, we find tem-
peratures of Twarmd = 296
+17
−15 K and T
cold
d = 110
+3
−3 K for the warm and cold dust components, respectively. This
model suggests that the cold dust component dominates the FIR energy budget (66%) but contributes only 17%
to the total IR luminosity. Based on the torus models, we infer an inclination angle of i= 15+8−8
◦ and the pres-
ence of silicate emission, in accordance with the Type-1 active galactic nucleus nature of APM 08279+5255.
Accounting for the torus’ contribution to the FIR luminosity, we find a lensing-corrected star formation rate
of SFR = 3075× (4/µL)M yr−1. We find that the central quasar contributes 30% to the FIR luminosity but
dominates the total IR luminosity (93%). The 30% correction is in contrast to the 90% reported in previous
work. In addition, the IR luminosity inferred from the torus model is a factor of two higher. These differences
highlight the importance of adopting physically motivated models to properly account for IR emission in high-z
quasars, which is now possible with SOFIA/HAWC+.
Keywords: infrared: galaxies – galaxies: high-redshift – galaxies: ISM – galaxies: evolution – galaxies: quasars
– galaxies: starburst
1. Introduction
Active galactic nucleus (AGN)-starburst galaxies at high
redshifts are powerful probes of the early evolution of black
holes (BH) and galaxy assembly, and they may be the pro-
genitors of present-day massive spheroidal galaxies. Circum-
stantial evidence such as the tight BH mass-host properties
relations observed in the nearby universe (e.g., MBH−σ∗ and
MBH−Mbulge) and the similar trends found between the cos-
mic star formation rate (SFR) and BH accretion rate histories
suggest that the growth of supermassive BHs (SMBHs) and
their host galaxies are tightly linked (and possibly causally
linked; see reviews by Alexander & Hickox 2012; Heck-
man & Best 2014; Madau & Dickinson 2014, and, e.g.,
Sparre et al. 2015 for evidence from simulations). The
leading SMBH-host co-evolution picture suggests that galax-
ies evolve via hierarchical galaxy mergers, in which mas-
sive galaxies evolve from a starburst-dominated phase to a
quasar-dominated phase and finally settle as ‘red and dead’
spheroidal galaxies (e.g., Sanders et al. 1988; Di Matteo et al.
2005; Hopkins & Beacom 2006; Hopkins et al. 2008; Treister
et al. 2010; Narayanan et al. 2010; Page et al. 2012). Recent
studies report that many of the most luminous AGNs at high
redshift appear to be offset from the local BH-host relations,
where high-z AGNs appear to have more massive black holes
than expected given their host galaxy properties (e.g., Walter
et al. 2004; Riechers et al. 2008a,b; Merloni et al. 2010; Wang
et al. 2013). This offset suggests that AGNs and their host
galaxies may not grow “in tandem”, especially during their
peak phases of activity (z = 1−4). Currently, we still lack a
clear picture relating the interplay between AGN activity and
star formation in their host galaxies at early cosmic epochs,
which is essential for understanding their formation and evo-
lution. In theory, useful insights can be gained by determining
how the far-infrared (FIR) luminosity (which depends on the
AGN accretion rate and SFR), the interstellar medium (ISM)
conditions, and morphology of AGN host galaxies differ be-
tween the quasar phase (z∼ 1− 4) and the present-day epoch
and between the different phases of the starburst-quasar evo-
lutionary sequence in the proposed SMBH-host co-evolution
picture.
Previous studies indicate that ∼30% of high-z quasars ex-
hibit strong emission at (sub-)millimeter wavelengths (e.g.,
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Chapman et al. 2005; Alexander et al. 2008; Coppin et al.
2008), indicating large quantities of dust contributing to IR
luminosities of > 1013 L. The large IR luminosities in these
quasars are commonly attributed to cold dust heated by their
star formation, corresponding to SFRs of &1000M yr−1
(e.g., Wang et al. 2008). One of the key challenges in im-
proving our understanding of the AGN-host co-evolution pic-
ture stems from the limited number of comprehensive stud-
ies that have measurements covering the rest-frame mid-IR
parts of the dust spectral energy distributions (SEDs) of high-
z AGN-starburst systems, with only a few detections attained
with The Infrared Astronomical Satellite (IRAS), the Spitzer
Space Telescope, and the Herschel Space Observatory (e.g.,
Rowan-Robinson et al. 1991, 1993; Barvainis et al. 1995; Pol-
letta et al. 2008). Thus, the fraction of the cold dust heated by
young stars (and thus the SFR) in high-z quasar hosts remains
uncertain (e.g., Omont et al. 2003; Carilli et al. 2005; Netzer
et al. 2014). By probing the hot and warm dust heated by
the AGN in high-z quasars, one can better understand the co-
eval growth of SMBHs and their host galaxies in their early
stages of evolution. In addition, determining the geometry of
the dusty torus together with the host properties, one can in-
vestigate whether dust-obscured and unobscured AGNs in the
early Universe represent quasars at different stages of evolu-
tion (see the review by Netzer 2015) or whether they are sim-
ply a manifestation of different viewing geometries under the
well-known AGN unification framework (i.e., Type-1 versus
Type-2 AGN; e.g., Antonucci 1993; Urry & Padovani 1995).
In this paper, we demonstrate the new capabilities of the
Stratospheric Observatory for Infrared Astronomy (SOFIA)
enabled by the new sensitive FIR instrument, the High-
resolution Airborne Wideband Camera+ (HAWC+; Dowell
et al. 2013; Harper et al. 2018), together with ancillary IR pho-
tometry, to constrain the AGN contribution to the IR luminos-
ity of APM 08279+5255. The target is among the most appar-
ently IR-luminous, gas-rich, strongly lensed AGN-starburst
systems known to date, at a redshift of z∼ 3.91 (RA, Dec
J2000 = 08h31m41.s7, +52◦45′17.′′5; Egami et al. 2000; Weiß
et al. 2007). Existing studies suggest that APM 08279+5255
is a rare starbursting quasar, in which both the AGN and host
galaxy are undergoing extremely active phases, with an SFR
of 5000× (4/µL) and an Eddington ratio of λedd = 0.4 (Sat-
urni et al. 2018). Since APM 08279+5255 is magnified by
µL∼ 4−100 (Egami et al. 2000; Riechers et al. 2009), it has
an apparent bolometric luminosity of Lbol = 7×1015 L (Irwin
et al. 1998) and IR luminosity of LIR = 1015 µL−1 L, making
it one of the most ideal high-z galaxies for a demonstration
study for SOFIA/HAWC+. Due to its extreme brightness, it
is one of the best-studied high-z objects and thus is currently
one of the rare cases with a rich set of photometry. This en-
ables more realistic SED modeling for this source for the first
time, motivating our work presented here. Applying complex
and realistic models to z > 0 AGNs has been done previously,
but mainly out to z . 2 (Williams et al. 2018; Zhuang et al.
2018). While Leipski et al. (2014) and Lyu et al. (2016) use
similar approaches to decompose the SEDs of z∼ 6 AGNs,
these sources have less complete SED coverage than APM
08279+5255. In most cases, their IR SEDs are constrained by
less than ten data points. By combining new SOFIA/HAWC+
photometry and a Spitzer/Infrared Spectrograph (IRS) spec-
trum with ancillary data covering multiple IR bands (Table 1),
we improve constraints on the IR SED of APM 08279+5255
relative to previous work and model its SED with different
AGN torus models to infer its torus properties.
This paper is structured as follows. In §2, we summarize the
observations and procedures used to reduce the data. We also
report ancillary data used in our analysis. In §3, we present
the results. In §4, we detail the SED modeling analysis. Fi-
nally, we discuss the results and implication of our findings
in §5, and we summarize the main results and present our
conclusions in §6. Throughout this paper, we use a concor-
dance ΛCDM cosmology with parameters from the WMAP9
results: H0 = 69.32 km s−1 Mpc−1, ΩM = 0.29, and ΩΛ = 0.71
(Hinshaw et al. 2013).
2. New Observations and Ancillary Data
2.1. New Data: Spitzer/IRS
Observations of APM 08279+5255 were carried out with
the Infrared Spectrograph (IRS) onboard the Spitzer Space
Telescope on 2008 December 4 for a total observing time
of 4.5 hr (Program ID: 50784; PI: Riechers). The first or-
der of the long wavelength, low resolution module (LL1:
19.5−38.0µm) was used, covering the rest-frame 6.7µm
polycyclic aromatic hydrocarbons (PAH) feature. These ob-
servations were obtained in spectral mapping mode, wherein
the target was placed at six positions along the slit. The slit
was positioned relative to a reference star using “high accu-
racy blue peak-up”7.
The Basic Calibrated Data (BCD) files were produced
by the Spitzer pipeline, which includes ramp fitting, dark
sky subtraction, droop correction, linearity correction, flat-
fielding, and wavelength calibration. Before spectral extrac-
tion, the two-dimensional dispersed frames were corrected
for “rogue” (unstable) pixels using IRSCLEAN, latent charge
removal and residual sky subtraction8. Sky frames at each
map position is created by combining the corrected frames
separately. Uncertainty frames associated with the combined
frames were produced based on the variance of each pixel as
a function of time in the sky frames. One-dimensional spec-
tra were extracted at the position of the continuum emission
using the (SPICE) software. A final spectrum was obtained by
averaging over all map positions. Based on the residual sky
background, the median noise of the final spectrum is 5.0 mJy
per ∆λ= 0.169µm wavelength bin (observed-frame).
2.2. New Data: SOFIA/HAWC+
7 https://irsa.ipac.caltech.edu/data/SPITZER/docs/irs/irsinstrumenthandbook/85/
8 https://irsa.ipac.caltech.edu/data/SPITZER/docs/dataanalysistools/cookbook/23/
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Observations of APM 08279+5255 with SOFIA/HAWC+
were performed on 2017 October 18 at an altitude of
∼43,000 ft during cycle 5 (Program ID: 05_0165; PI: Riech-
ers). A single pointing was used to observe at 53 (Band A),
89 (Band C), and 154µm (Band D). Total Intensity observing
in On-the-fly Mapping mode was used, producing a continu-
ous telescope motion with 1.5 min Lissajous scans, covering
(regions slightly smaller than) the standard HAWC+ fields-
of-view (FoVs) of 2.′7×1.′7 (Band A), 4.′2×2.′6 (Band C),
and 7.′3×4.′5 (Band D). Five scans corresponding to a total
integration time of 333 s were obtained in Band A, 12 scans
totaling 870 s in Band C, and 12 scans totaling to 936 s in
Band D. The scans were centered in the middle of the R0/T0
subarrays. As such, the maps are made from R0/T0 only.
The observations were performed at elevation angles be-
tween 30−37◦. No direct measure of Precipitable Water Va-
por (PWV) was used in the calibration. Instead, the HAWC+
pipeline uses a standard atmospheric model (the ATRAN
model; Lord 1992) to compute the predicted water vapor
overburden at the zenith. The assumed zenith opacities are
τz = 0.11, 0.21, 0.24 for Bands A, C, and D, respectively.
The data were reduced and processed using the CRUSH9
software, in which an atmospheric correction based on the
ATRAN model was applied. For flux calibration, we applied a
fixed instrumental conversion factor to convert readout counts
to janskys per pixel. The conversion factor was determined by
comparing the readout counts to the true fluxes of the primary
and secondary flux calibrators, Uranus and Neptune, using the
Bendo et al. (2013) temperature model. In the post-processed
images, the PSF FWHMs are 7.′′1, 11.′′0, and 19.′′5 at 53, 89,
and 154µm, respectively. After reduction, the pixel scales are
1.′′00, 1.′′55, and 2.′′75 for Bands A, C, and D, respectively.
2.3. Ancillary Data
In the analysis, we include photometry published in the lit-
erature, as listed in Table 1. These include photometry cover-
ing observed-frame NIR-to-radio wavebands.
We also report unpublished Spitzer Space Telescope/IRAC
and MIPS photometry based on the Spitzer Enhanced Imaging
Products (SEIP), which are available through the NASA/IPAC
Infrared Science Archive (IRSA). The photometry in all IRAC
bands reported in Table 1 was extracted using a 3.′′8 diam-
eter aperture, with aperture corrections applied. The MIPS
photometry at 24µm was extracted through PSF-fitting to the
high-S/N detection. We retrieved the Spitzer images from the
Spitzer Heritage Archive.
We also report Herschel/PACS photometry, which are tab-
ulated in the Herschel/PACS Point source catalog (HPPSC;
Marton et al. 2017). PACS photometric maps were gener-
ated using the JSCANAM task within the Herschel Interac-
tive Processing Environment (HIPE version 13.0.0; Ott 2010).
Sources were identified using SUSSEXTRACTOR, and the flux
9 http://www.sigmyne.com/crush/
densities were obtained by performing aperture photometry.
Extraction of the Herschel/SPIRE photometry at 250, 350,
and 500µm (Table 1) was performed using SUSSEXTRACTOR
within HIPE version 15.0.1 on Level 2 SPIRE maps obtained
from the Herschel Science Archive. These maps were reduced
and processed using the SPIRE pipeline version SPGv14.1.0
within HIPE, with calibration tree SPIRE_CAL_14_3. The
SUSSEXTRACTOR task estimates the flux density from an im-
age convolved with a kernel derived from the SPIRE beam.
The flux densities measured by SUSSEXTRACTOR were con-
firmed using the Timeline Fitter, which performs photometry
by fitting a 2D elliptical Gaussian to the Level 1 data at the
source position given by the output of SUSSEXTRACTOR. The
fluxes obtained from both methods are consistent within the
uncertainties.
3. Results
We detect emission in all three bands covered by
SOFIA/HAWC+ at high significance (Figure 1). Point-source
photometry were extracted using PSF-fitting and are listed
in Table 1. Fitting a power-law to the IRS spectrum yields
Sν ∝ λ0.01.
The PAH feature at 6.2µm covered by our IRS ob-
servations remains undetected down to a 3σ limit of
<3.4×10−19 W cm−2 (Figure 2). This limit was calculated by
considering the residual flux density after removing the con-
tinuum and assuming a linewidth covering rest-frame wave-
lengths from 5.9−6.5µm. The continuum level was calcu-
lated by fitting a power-law over rest-frame wavelengths of
5.5−6.7µm.
4. Analysis: SED Modeling
4.1. Analytic: Two-temperature MBB + Radio Power-laws
The IR-to-radio SED of APM 08279+5255 has been mod-
eled previously by, e.g., Rowan-Robinson (2000), Beelen
et al. (2006), Weiß et al. (2007), and Riechers et al. (2009);
some of these models have their dust-emitting sizes (r0) con-
strained through large velocity gradient (LVG) modeling of
the multi-J CO and HCN line ratios and spatially resolved CO
imaging. Existing models show that the observed dust SED
can only be adequately described by a model with at least two
dust components — a warmer and a cooler dust component.
Weiß et al. (2007) adopted a model assuming that the over-
all size of the dust-emitting region is similar to that of the CO
line emission, with relative area filling factors of Ffilling = 0.75
and 0.25 for the warmer and cooler components, respectively,
and a dust absorption coefficient of
κν = κ0(ν/ν0)
β , (1)
where κ0 = 0.4 cm2/g, ν0 = 250 GHz, and the emissivity spec-
tral index β is fixed to 2. They find that the warmer
component contributes ∼85% to the FIR luminosity (LFIR
= 2× 1014 µL−1 L) and suggest that this component is
heated by the central AGN. However, in these previous mod-
els, the parameters describing the warm dust peak relied
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Table 1
Photometry data for APM 08279+5255.
Wavelength/Band Frequency Flux Density Instrument/Band Reference
(µm) (GHz) (mJy)
1.03 291060 5.00± 0.16 HST/NICMOS 1
1.25 239834 7.19± 0.20 Keck I/NIRC 2
1.55 193414 7.53± 0.19 HST/NICMOS 1
1.65 181692 8.97± 0.25 Palomar/P200 InSb 2
1.90 157786 7.81± 0.96 HST/NICMOS 1
2.15 139438 9.40± 0.26 Palomar/P200 InSb 2
3.4 88174 11.01± 0.23 WISE/W1 3†
3.5 85650 27.3± 1.0 Palomar/P200 InSb 2
3.8 79433 9.50± 1.22 Subaru/IRCS 4
3.6 83275 10.74± 0.0023 Spitzer/IRAC 3†
4.5 66620 7.88± 0.0021 Spitzer/IRAC 3†
4.7 63994 7.20± 1.98 Subaru/IRCS 4
4.6 65172 10.86± 0.20 WISE/W2 3†
5.8 51688 15.49± 0.007 Spitzer/IRAC 3†
12 24983 62.92± 0.927 WISE/W3 3†
12 24983 <101 IRAS 5
12.5 24000 74± 11 Keck II/MIRLIN 2
17.9 16750 103± 50 Keck II/MIRLIN 2
22 13626 187.6± 4.84 WISE/W4 3†
24 12491 186.8± 0.779 Spitzer/MIPS 3†
25 12000 226.1± 16.2 IRAS 5
53 5656 567± 71 SOFIA/HAWC+ 3
60 5000 511.1± 51.1 IRAS 5
70 4283 654.1± 8.745 Herschel/PACS 3
89 3368 682± 50 SOFIA/HAWC+ 3
100 3000 951.1± 228 IRAS 5
154 1947 696± 43 SOFIA/HAWC+ 3
160 1874 758.8± 13.2 Herschel/PACS 3
250 1200 627.2± 8.1 Herschel/SPIRE 3
350 857 431.4± 6.3 Herschel/SPIRE 3
350 850 386± 32 CSO/SHARC II 6
450 660 342± 26 CSO/SHARC II 6
450 660 285± 11 JCMT/SCUBA 7
450 660 211± 47 JCMT/SCUBA 8
500 600 249.6± 8.1 Herschel/SPIRE 3
850 350 84± 3 JCMT/SCUBA 7
850 350 75± 4 JCMT/SCUBA 8
1194 251 34± 0.55 PdBI 9
1219 245.905 31.4± 2.0 PdBI 10
1266 236.797 26.6± 1.3 PdBI 10
1350 225 24± 2 JCMT/SCUBA 8
1400 214.0 17.0± 0.5 PdBI 11
1400 211.1 16.9± 2.5 PdBI 12
1490 201.166 16.5± 0.8 PdBI 10
1958 153.132 5.4± 0.3 PdBI 10
2710 110.7 2.17± 0.19 CARMA 13
2760 108.6 2.08± 0.22 CARMA 13
2840 105.4 2.04± 0.08 CARMA 13
3200 94.3 1.2± 0.3 PdBI 11
3200 93.879 1.3± 0.2 PdBI 12
3200 93.856 1.1± 0.02 NOEMA 14
3300 90.2 1.3± 0.2 PdBI 12
3300 90.2 0.66± 0.18 PdBI 15
7000 43.3 <0.90 VLA 16
13000 23.4649 0.30± 0.05 VLA 16
13000 23.4649 0.41± 0.07 VLA 17
13000 23.4649 0.38± 0.02 VLA 18
20000 14.9399 0.30± 0.09 VLA 18
36000 8.4601 0.45± 0.02 VLA 18
36000 8.4601 0.45± 0.03 VLA 1
60000 4.5276 0.55± 0.04 VLA 18
200000 1.400 1.16± 0.03 VLA 18
200000 1.400 0.92± 0.13 VLA 19 a
900000 0.334 5.10± 0.80 VLA 20
References. — 1: Ibata et al. (1999); 2: Egami et al. (2000); 3: This work; 4: Oya et al. (2013);
5: Irwin et al. (1998); 6: Beelen et al. (2006); 7: Barvainis & Ivison (2002); 8: Lewis et al. (1998);
9: Lis et al. (2011); 10: van der Werf et al. (2011); 11: Downes et al. (1999); 12: Weiß et al. (2007);
13: Riechers et al. (2010); 14: Feruglio et al. (2017); 15: Wagg et al. (2005); 16: Papadopoulos et al.
(2001); 17: Lewis et al. (2002); 18: Riechers et al. (2009); 19: Becker et al. (1994); 20: Ivison (2006)
Note. — Uncertainties on the SPIRE flux densities include those due to confusion noise. Uncer-
tainties quoted here for the radio and mm interferometric measurements do not include those from
absolute flux calibration, but they are accounted for in the SED modeling.
† Available through the NASA/IRSA; first reported here.
a VLA FIRST Catalog Database version 2014dec17.
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APM 08279+5255
WISE W1 (B), W2 (G), W3 (R) Spitzer/MIPS 24µm Herschel/PACS 70µm Herschel/PACS 160µm
SOFIA/HAWC+ 53µm SOFIA/HAWC+89 µm SOFIA/HAWC+154µm SOFIA/HAWC+ 53 µm
89 µm
154 µm
30 arcsec
8h31m40.00s32m00.00s
Right Ascension (J2000)
+52◦43′00.0′′
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Figure 1. Postage stamp images of APM 08279+5255 (from left to right). Top row: WISE Bands W1, W2, and W3 RGB color composite; Spitzer/MIPS 24µm;
and Herschel/PACS 70 and 160µm. Middle row: SOFIA/HAWC+ 53, 89, and 154µm and color composite of the three SOFIA/HAWC+ images. Bottom row:
Herschel/SPIRE 250, 350, and 500µm and color composite of the three Herschel/SPIRE images.
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Figure 2. Spitzer/IRS spectrum of APM 08279+5255. Shaded region shows
the ±1σ noise level. Orange line shows the power-law fit to the continuum
covering rest-frame 5.5−6.7µm. Blue dotted line shows the best-fit power-
law over the entire IRS spectrum.
heavily on the constraints imposed by the IRAS measure-
ment at ∼100µm, which has a ∼25% uncertainty due to
the limited S/N and the very large IRAS beam and pixel
sizes. Here, we update the SED by including our recently
obtained SOFIA/HAWC+ data and additional photometry
(e.g., Herschel) obtained after the Riechers et al. (2009)
study, which extended the Weiß et al. (2007) study by also
modeling the radio SED. We note an outlier10 at 3.5µm of
S3.5 = 27.3± 1.0 mJy, which was obtained with the Palomar
Telescope (Egami et al. 2000).
Following Riechers et al. (2009), we first fit a simplified
four-component model (two-temperature dust, free-free, and
synchrotron) to the rest-frame FIR-to-radio photometry, cov-
ering observed frame 53µm− 90 cm, to illustrate how well
the previously employed functional form fits all of the data
obtained to date. The functional form is expressed as follows:
Sν(ν) = Sν,d(ν) +
∑
i=flat, steep
ci×ναi , (2)
where ν is the frequency in GHz, ci is a coefficient, αi is a
spectral index, and i represents either the flat (free-free) or
steep (synchrotron) power-law components. The first term
takes the functional form of a two-temperature MBB model,
with each dust temperature component described by
Sν = [Bν(Td)−Bν(TCMB)] (1− exp
−τv)
(1 + z)3
Ωapp, (3)
where Ωapp is the apparent solid angle (the magnification fac-
tor is absorbed into this parameter). The optical depth of each
component is parameterized through the dust mass (Mdust) and
area filling factor (Ffilling):
τν =
κν Mdust
(pi r20) Ffilling
. (4)
10 This outlier is unlikely to result from contamination due to bright rest-
frame optical lines, such as Hα, [N II], [S II], and [Ar III], given that the broad-
band WISE/W1 flux would also be contaminated.
The area filling factor clearly takes a value in the interval [0,
1]. We define x≡Mdust/r20 to reduce the extra dimension and
degeneracies between Mdust and r0. For the second term of
Equation 2, we adopt the best-fitting results from Riechers
et al. (2009) since no new constraints are added to the radio
SED in this work.
We impose uniform priors on the model parameters as fol-
lows: 10 K< Td,cold < Td,warm, Td,warm ≤ 500 K, FcoldFilling ∈ [0,1],
FwarmFilling ∈ [0,1], 107 M pc−2 < xcold < 1010 M pc−2, and
104 M pc−2 < xwarm <1010 M pc−2. We also impose the
criterion that xwarm < xcold. These conditions are physically
motivated based on previous results of Beelen et al. (2006)
and Weiß et al. (2007). We find the best-fit model by sampling
the posterior probability distributions (PDF) using a Markov
Chain Monte Carlo (MCMC) approach.
After discarding the first 2000 iterations in the burn-in
phase, we thin the chains via 40 iterations based on the auto-
correlation time to obtain independent samples from the pos-
terior PDFs, yielding a best-fit model with Td,cold = 110+3−3 K,
Td,warm = 296+17−13 K, F
cold
Filling = 0.9
+0.1
−0.1, xwarm = 2.5
+1.2
−1.0×107 M
pc−2, and xcold = 1.4+0.1−0.1×109 M pc−2. The best-fit values
and their uncertainties are quoted based on the 16th, 50th,
and 84th percentiles of the PDFs (See Appendix). The best-
fit SED is shown in Figure 3, where we overplot the model
presented by Riechers et al. (2009)11 (hereafter, R09 fit) for
comparison.
10−1100101102103104105
νobs [GHz]
10−2
10−1
100
101
102
103
F
lu
x
D
en
si
ty
[m
J
y
]
APM 08279+5255 at z = 3.9114 IR-Radio Model
Dust
Cold Dust
Warm Dust
Free-free
Synchrotron
IRS spectrum
Riechers+09 Fit
Data
SOFIA/HAWC+
100 101 102 103 104 105
λrest [µm]
Figure 3. Ancillary photometry of APM 08279+5255 (black markers),
our newly obtained SOFIA/HAWC+ data (red markers), and the Spitzer/IRS
spectrum (dark red line). The best-fit analytic model (solid black line) is over-
plotted. Dashed-dotted and dashed lines show the SEDs of the warm and cold
dust components, respectively. Long-dashed and dotted lines show the radio
free-free and synchrotron emission, respectively. Previous model from R09 is
overplotted (dotted blue line) for comparison; this model underestimates the
more comprehensive set of IR photometry presented in this work, especially
in the rest-frame wavelength range of λrest∼ 1−100µm (see footnote 11).
11 The apparent difference in the R09 fit shown here compared to Riechers
et al. (2009) results from the fact that we adopt a source size of r0 = 1150 pc,
following Weiß et al. (2007, cf. r0 = 1300 pc). The R09 fit here therefore
appears to undershoot the photometry at λrest∼ 100µm.
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4.2. Semi-analytic: Including Clumpy Torus Models
Previous works suggest that APM 08279+5255 is a typi-
cal example of a co-existing starburst and quasar in a galaxy,
where its strong FIR luminosity due to cold dust emission has
been attributed to the presence of a dust-obscured starburst,
with a lensing-corrected SFR of 5000× (4/µL) M yr−1. In
such AGN host galaxies, hot dust emission with a characteris-
tic temperature of ∼ 1500 K (e.g., Barvainis 1987; Deo et al.
2011) due to reprocessed X-ray-to-optical AGN radiation is
expected to peak in the NIR between 1 and 3µm, whereas
warm dust emission from a dusty torus near the central AGN
with characteristic temperature of ∼ 400 K (Schartmann et al.
2005; Burtscher et al. 2015) should peak between 3 and
40µm. Based on the observed SED (Figure 3), hot/warm dust
emission due to a putative torus in APM 08279+5255 is likely
an important contributor to its IR emission (since its IR SED
clearly peaks around rest-frame 20µm). We thus describe the
SED of APM 08279+5255 (including the IRS spectrum) us-
ing a physically motivated model, with the UV-to-MIR part
corresponding to emission from the accretion disk and and
clumpy torus around it, the FIR part described by a single-
temperature MBB function, and the radio part corresponding
to free-free and synchrotron emission. The cold dust and ra-
dio components are described using the same parameteriza-
tion as Equations 2 and 3. For the dust component, we as-
sume an opacity defined using Equation 1. The spectral index
β is fixed to 2.0, following Priddey & McMahon (2001), to
minimize the number of free parameters. For the AGN/torus
component, we employ SED grids derived by performing ra-
diative transfer calculations of three-dimensional clumpy tori
(Hönig & Kishimoto 2010). In this model, the optical depths
and sizes of the dust clouds depend on their distance from the
central source. The clouds are randomly placed according to a
spatial distribution function. The torus SED is then calculated
by summing the direct and indirect emission of the clumps.
More specifically, the model parameterizes the distribution of
dust clouds in the tori using five parameters: the radial dust-
cloud distribution power-law index, a; the half-opening angle,
θ (describing the vertical distribution of clouds); the average
number of clouds along an equatorial line-of-sight, N0; the
total V-band optical depth, τV ; and the inclination angle, i.
The MIR SED is redder if more dust clouds are distributed at
larger distances. Therefore, the power-law index a is mostly
constrained by the MIR photometry (a more negative a would
imply a more compact dust distribution; see Hönig et al. 2010
for details). The total number of clouds within the torus is
thus related to N0 through
Ntot ∝
∫
N0
η(r,z,φ)
R2cl
dV, (5)
where η(r,z,φ) describes the cloud distribution in the r-, z-,
and φ-space; Rcl is the sublimation radius of a given cloud;
and V is the volume of the torus. The torus models are scaled
based on a luminosity factor (Lscale), which is the luminosity
of the accretion disk. Physically, this determines the sublima-
tion radius of the accretion disk/torus where dust clumps are
distributed, according to the following scaling properties:(
Rcl
0.5pc
)
∝
(
Lscale
1046erg s−1
) 1
2
(
Tsub
1500 K
)−2.8
, (6)
where Tsub is the sublimation temperature (e.g., Barvainis
1987). The numerical values in the denominators are the
physical properties assumed in the model. In the fitting
process, we rescale the model flux to the distance of APM
08279+5255. We initialize Lscale based on the apparent X-
ray luminosity (2−10 keV; not lensing-corrected) of APM
08279+5255, which is log
(
LX/L
)
= 49.4 (Gofford et al.
2015).
Since the Hönig et al. (2010) templates are calculated based
on discrete model parameters, we interpolate the SED grids
such that each parameter can be sampled as a continuous vari-
able. This is done in order to determine the PDFs of the pa-
rameters and thus obtain reliable uncertainties on the model
parameters. The parameters are interpolated in six dimen-
sions (including the dimension of wavelength) within the fol-
lowing boundaries: N0 ∈[0, 10], a ∈ [−2.5,0.5], θ ∈ [0,65]◦,
τV ∈[15, 90], and i ∈ [0,90]◦.
We place priors on the model parameters to ensure they
are physically sensible. We place flat priors of Mcoldd ∈
[107,1010]M on the dust mass and T coldd ∈ [30,300] K on the
dust temperature. The luminosity scaling factor is allowed to
vary between log
(
Lscale/L
) ∈ [47,49.4]. In addition to un-
obscured torus emission, stellar emission from the host galaxy
may be significant shortward of rest-frame∼ 1µm. Modeling
the stellar emission would require introducing multiple addi-
tional free parameters and properly accounting for potential
differential magnification of each of the components. Thus,
for simplicity, we fit the models to the photometry longward
of 1µm only.
The above model fails to yield a good fit to the NIR pho-
tometry — the torus component is skewed to the rest-frame
NIR wavebands and over-predicts the fluxes observed in near-
and mid-IR bands (top panel of Figure 4). Motivated by the
work of Leipski et al. (2014), we add an additional hot dust
component to the overall model. For this hot dust compo-
nent, we place flat priors of rhot ∈ [10,1300] pc on its emit-
ting radius, Mhotd ∈ [10,105]M on its dust mass, and T hotd ∈
[1000,1800] K on its temperature.
After sampling the target posteriors using MCMC with 100
walkers and 5×105 iterations, and after discarding the first
2×105 iterations as the burn-in phase and thinning the chains
by 50 iterations, we identify the best-fit parameters together
with the their uncertainties based on the 16th, 50th, and 84th
percentiles of the PDFs. The best-fit model is shown in the
bottom panel of Figure 4. We summarize the best-fit parame-
ters and the apparent luminosities integrated over the total IR,
NIR (rest-frame 1−3µm), MIR (rest-frame 3−40µm), and
FIR (rest-frame 42.5−122.5µm) in the bottom section of Ta-
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ble 2.
We find an FIR luminosity of LTorusFIR = 4.7
+0.3
−0.5×1013 µL−1
L for the torus component. This corresponds to ∼30%
of the total FIR emission, which is in contrast to the 90%
reported in previous work (Weiß et al. 2007). Correct-
ing for the torus contribution to the FIR emission, we find
an SFR of 3075× (4/µL)M yr−1 (assuming the Chabrier
2003 initial mass function). This is consistent with that
derived from the two-temperature MBB model, which is
SFR = 2970× (4/µL)M yr−1. We note that the IR lumi-
nosity derived from this model is ∼2 times higher than that
yielded by the fully analytic two-temperature dust model
(§4.1). This discrepancy results mostly from including a hot
dust and a dusty torus component in the latter model, which is
physically motivated and better describes the IR SED of APM
08279+5255 (see Figure 3 and 4). That is, the latter model
describes the rest-frame near- and mid-IR photometry and the
IRS spectrum, whereas the former does not (by construction).
This result highlights the importance of accounting for the
NIR emission using physically motivated models.
Including the near- and far-IR emission (i.e., covering rest-
frame 1−122.5µm), we find that dust emission due to the cen-
tral AGN accounts for ∼93% of the total IR luminosity. This
is similar to the large fraction (83%) inferred for the warm
dust component in the fully analytic model. Based on the lat-
est lens model (Riechers et al. 2009), the magnification factor
is found to vary by only a factor of µL∼ 2−3 across a spatial
extent of 20 kpc. Thus, differential magnification may cause
the above percentage to be uncertain to a factor of 2−3. How-
ever, if the cold dust is concentrated within the central 1 kpc
(see Weiß et al. 2007 and Riechers et al. 2009), the differ-
ence in the magnification factor between the AGN and more-
extended cold dust would be .25%. With this uncertainty
in mind, dust heating due to the central quasar appears to be
more significant than that from the star formation in the host
galaxy of APM 08279+5255, and the fraction of the IR lumi-
nosity associated with the AGN is greater than those observed
in other high-z AGN/starburst composite systems studied to-
date (e.g., Pope et al. 2008; Coppin et al. 2010; Lyu et al.
2016).
As noted above, the SED shortward of ∼ 1µm potentially
has contributions from both the AGN and stars in the host
galaxy, and we have not attempted to fit the photometry short-
ward of 1µm for this reason. If we assume that the resid-
ual flux density at 1µm unaccounted for by the torus model
results from stellar emission in the host galaxy, we infer a
stellar mass of µLM∗ = (3.6−5.3)× 1013 M. The range of
stellar mass results from the range of H-band mass-to-light
ratio of LH/M∗ = 5.8−8.5 (L M−1 ) adopted (e.g., Hainline
et al. 2011), which corresponds to different population syn-
thesis models (Bruzual & Charlot 2003 and Maraston 2005)
and star formation histories (instantaneous star formation ver-
sus constant). Taken at face value, the stellar mass of APM
08279+5255 is µLM∗ ' 4× 1013M, or 1013 M assuming a
Table 2
SED Model Parameters for APM 08279+5255.
Properties Units Values
Analytical: Two-temperature MBB + Radio Power-laws a
Td,warm (K) 296
+17
−15
Td,cold (K) 110
+3
−3
FcoldFilling 0.9
+0.1
−0.1
xwarm b (107 M pc−2) 2.5+1.2−1.0
xcold b (109 M pc−2) 1.4+0.1−0.1
LIR (1015µ−1 L) 1.8+0.7−0.6
LFIR (1014µ−1 L) 1.8+0.1−0.2
Semi-analytical: Including Clumpy Torus c
rhot (pc) 655
+418
−409
Mhotd (µ
−1 M) 11+5−1
Mcoldd (10
9µ−1 M) 1.4+0.3−0.2
T hotd (K) 1385
+10
−49
T coldd (K) 100
+2
−1
N0 8.3
+1.3
−2.2
a −1.0+0.1−0.1
θ (◦) 55+4−11
τV 42+5−5
i (◦) 15+8−8
log
(
Lscale/L
)
48.8+0.1−0.1
LIR (1015µ−1 L) 3.5+0.1−0.1
LNIR (1014µ−1 L) 5.9+0.4−0.6
LMIR (1014µ−1 L) 2.7+0.3−0.7
LFIR (1014µ−1 L) 1.7+0.5−0.1
LTorusFIR (10
13µ−1 L) 4.7+0.3−0.5
LColdFIR (10
14µ−1 L) 1.2+0.5−0.7
Note. — The different IR luminosities are obtained by integrating over rest-frame:
1−1000µm for LIR; 1−3µm for LNIR; 3−40µm for LMIR; and 42.5−122.5µm for LFIR.
a See §4.1
b x≡ Md/r20 , see Equation 4.c See §4.2
lensing magnification factor of µL = 4. Such a stellar mass
would place APM 08279+5255 among the most massive
galaxies at z ∼ 4 known. Alternatively, the very large in-
ferred stellar mass could suggest that the lensing magnifica-
tion for the stellar component is (at least) an order of mag-
nitude higher than the Riechers et al. (2009) value of µL ≈ 4
or that the residual flux is not due entirely to stellar emis-
sion, perhaps because the torus models employed do not ade-
quately capture the geometry or/and dust properties of APM
08279+5255. Currently, the data at hand preclude us from
favoring either scenario.
5. Discussion
In the case of the two-temperature dust SED model, we
find that previous model consistently underestimates the
more comprehensive set of IR photometry included in this
work, especially in the rest-frame wavelength range cover-
ing λrest ∈[10, 100]µm (Figure 3), with a maximum residual
of 53%. The differences is mainly a direct consequence of
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Figure 4. Solid black line shows the best-fit semi-analytic SED model fitted to the photometry at λ > 1µm (black markers) and the IRS spectrum (dark red
line), which covers rest-frame wavelengths λrest = 4.1− 7.5µm. The new SOFIA/HAWC+ data are highlighted using red star symbols. Top panel shows a model
in which the UV-to-MIR part corresponds to emission emerging from an accretion disk and a clumpy torus (solid blue line), the FIR part is associated with cold
dust emission from the host galaxy (dot-dashed line), and the radio part is composed of free-free (dashed line) and synchrotron emission (dotted line). Bottom
panel shows that a better fit is obtained by including an extra hot dust component (short dashed line). The need for this extra hot dust component may suggest that
high-z quasars have different dust compositions or/and geometries than nearby systems. See §5 for a more detailed discussion. The two bumps near rest-frame
10µm correspond to the silicate features of the model, which is constructed based on the nature of nearby AGN systems (see §5 for implication).
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the higher dust temperatures found here (110 K vs. 65 K and
296 K vs. 220 K). In contrast to the results reported by Weiß
et al. (2007), we find that the cold dust component dominates
the FIR luminosity of APM 08279+5255 (∼ 66%). Regard-
less of these differences, we find comparable apparent total IR
luminosities (rest-frame 1−1000µm). The (F)IR luminosity
is summarized in the top section of Table 2.
When fitting the SED with clumpy AGN torus models in
addition to the cold dust and radio components, we find a
torus inclination angle consistent with the Type-1 nature of
APM 08279+5255 (under the AGN unification model). The
best-fit model suggests the presence of silicate emission at
rest-frame 10 and 18µm12, as commonly observed in Type-1
AGNs with Spitzer (e.g., Hao et al. 2005; Siebenmorgen et al.
2005; Sturm et al. 2005). If these features are real, their pres-
ence is consistent with the AGN unification model, in which
an AGN torus seen close to pole-on (i= 0◦) should exhibit sil-
icate emission features in the MIR (e.g., Hao et al. 2005; see
also Stalevski et al. 2012), as dust on the surface of the torus
is heated to temperatures sufficiently hot to produce silicate
emission features. However, if these features are fictitious,
this could be evidence that different torus models are needed
to describe AGN/starburst systems at high redshifts.
As mentioned in §4.2, the best-fit semi-analytic model in-
cluding the torus component without an extra hot dust compo-
nent overestimates the near-to-mid-IR fluxes. The MIR slope
is also inconsistent with the IRS spectrum. We follow the
work by Leipski et al. (2014) for z ∼6 quasars and include
an extra hot dust component in the model. The extra hot dust
component improves the fit and yields good agreement with
the IR photometry. However, the physical motivation for this
extra hot dust component is unclear, as the hottest dust emis-
sion should arise self-consistently in the clumpy AGN torus
models computed via radiative transfer, and there should be
no need to add an additional ad hoc hot dust component. This
need for an additional hot dust component may suggest that
these powerful quasars in the early Universe have very differ-
ent dust compositions and distributions than the more-nearby
systems used to motivate AGN torus models. If this issue per-
sists for larger samples of high-z AGN, further improvements
in AGN torus models would be warranted.
6. Summary and Conclusions
We observe the IR-luminous, strongly-lensed AGN-
starburst system APM 08279+5255 at z= 3.9114 using the
new sensitive FIR camera HAWC+ onboard SOFIA and the
IRS onboard Spitzer. While APM 08279+5255 is a Type-
1 broad absorption line AGN, it clearly shows strong mid-
IR emission (even considering the viewing angle of APM
08279+5255 in the classical AGN unification model). Hence,
SED modeling tools such as CIGALE are inappropriate13 for
12 The 10µm feature is attributed to stretching of the Si-O bonds in sili-
cates, whereas the 18µm feature is attributed to the O-Si-O bending mode.
13 Modeling tools such as CIGALE expect Type-1 AGNs to emit predomi-
nately in UV and optical wavebands and Type-2 AGNs to emit predominately
APM 08279+5255. We combine the new data with ancillary
data and decompose the IR SED into hot dust, torus, and cold
dust components and the radio SED into thermal and non-
thermal components (free-free and synchrotron). To facilitate
comparison with previous studies, we also fit simplified two-
temperature modified blackbody models.
We constrain the structure of the putative dusty torus around
the central AGN by fitting 3D radiative transfer models of
clumpy tori. Despite the uncertainties and degeneracies be-
tween the model parameters, some results are clear from the
fit. For instance, the best-fit inclination angle and the silicate
features predicted by the best-fit model are consistent with the
Type-1 AGN nature of APM 08279+5255, which may be ev-
idence supporting the unification model of AGN.
In the modified blackbody model presented in this work,
we find that the warm dust component contributes only 34%
of the far-IR luminosity. Accounting for the torus’ contribu-
tion to the FIR luminosity, we find a lensing-corrected SFR of
3075× (4/µL)M yr−1. Differences compared to previous
models are pointed out in §4.2.
Accounting for emission due to the torus at near-to-far-IR
wavelengths (rest-frame 1−122.5µm), we find that dust heat-
ing from the quasar contributes about 93% to its total IR emis-
sion. Therefore, the AGN plays an important role in driv-
ing the total dust luminosity of APM 08279+5255, more so
than in other high-z AGN/starburst composite systems stud-
ied to date (e.g., Pope et al. 2008; Coppin et al. 2010; Lyu
et al. 2016). Based on the residual flux density at 1µm unac-
counted for by the torus model, we find a stellar mass of M∗
' (4/µL)×1013 M. At face value, assuming the Riechers
et al. (2009) value of µL ≈ 4, the resulting stellar mass would
place APM 08279+5255 among the most evolved and mas-
sive galaxies at z ∼ 4 known, but it may also indicate that the
true magnification is significantly greater than 4 and/or that
the best-fit AGN torus model is significantly underestimating
the contribution of the AGN at ∼1µm.
Our results demonstrate the use of the new and sensitive
FIR camera onboard SOFIA to constrain the physical prop-
erties of the dusty tori of quasars in the early Universe. The
differences between the simplified model and the more com-
plex but physically motivated model highlight the need for
well-sampled IR SEDs of high-z quasars in order to disen-
tangle the effect of dust heating due to AGN versus star for-
mation and thus to more accurately determine the SFRs in
AGN/starburst composite systems. We note that the high IR
luminosity of APM 08279+5255 may imply that our results
are unlikely to be representative of high-z AGNs. The Ori-
gins Space Telescope (OST) will have the capabilities to char-
acterize the torus and dust components in high-z AGNs with
a much broader range of properties, enabling similar types of
studies to be carried out for more typical and representative
in MIR wavelengths. Since a large amount of dust is still present in APM
08279+5255, the emission in the MIR waveband is significantly underesti-
mated in CIGALE when one properly considers it as a Type-1 AGN.
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Appendix
We show the 2D correlation plots and the 1D marginalized PDFs for the SED models presented in §4.1 and §4.2. The best-fit
values and their uncertainties reported in Table 2 are quoted based on the 16th, 50th, and 84th percentiles of the PDFs.
SED PROPERTIES OF THE z∼ 3.9 AGN-STARBURST SYSTEM APM 08279+5255 13
20
0
22
5
25
0
27
5
30
0
T
d
,w
a
rm
0.
4
0.
6
0.
8
F
co
ld
−2
0
2
4
M
d
,c
ol
d
×109
60 75 90 10
5
Td,cold
0.
5
1.
0
1.
5
2.
0
M
d
,w
a
rm
×108
20
0
22
5
25
0
27
5
30
0
Td,warm
0.
4
0.
6
0.
8
Fcold
−2 0 2 4
Md,cold ×109
0.
5
1.
0
1.
5
2.
0
Md,warm ×108
Figure 5. 2D correlation plots and 1D marginalized PDFs of the fully-analytical model (Figure 3), with the vertical dashed line showing the 16th, 50th, and 84th
percentiles.
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Figure 6. 2D correlation plots and 1D marginalized PDFs of the semi-analytical model (Figure 4), with the vertical dashed line showing the 16th, 50th, and 84th
percentiles.
